In recent years, significant effort has been put into studying the regeneration process of diesel particulate filters (DPFs) either through experiments or modelling. However, less attention is paid to understanding the important influence of soot properties on the regeneration process. In this paper, for the first time, five fundamental soot properties, namely activation energy, frequency factor of the reaction, soot bulk density, porosity and mean soot particulate diameter, are investigated. Sensitivity analyses are carried out for each of these parameters based on a one-dimensional generalized DPF regeneration model. It is found that activation energy is the most important factor in the regeneration process, followed by frequency factor, bulk density, porosity and mean particulate size. In addition, the results also indicate that the concentration of exhaust gas oxygen has a significant influence on the role played by each parameter. This clearly shows the importance of gas diffusion in the regeneration process.
NOTATION
◊ per unit area (m−2)
INTRODUCTION
process using a generalized DPF regeneration model. In the following section, the model, which was originally developed by Garner and Dent [7] , is described. A Forthcoming light-and heavy-duty diesel vehicle exhaust emissions legislation, such as Euro V and US Tier 4, will selection of some previously published results are given in section 3 to illustrate how the model behaves. Using require substantial reductions in particulate levels. To meet these levels, exhaust particulate filters (or 'traps') this model, a sensitivity analysis of results of varying five important soot properties on regeneration behaviour is are likely to be required since they have high filtration efficiencies and can reduce engine-out particulate presented and the results are discussed in sections 4 and 5 respectively. The results have significant value for emissions by 60-99 per cent.
There are a variety of diesel particulate filters (DPFs) modelling and experimental studies of filter regeneration behaviour. available, including the wall-flow monolith, fibrous mesh and foams. Of these, the wall-flow monolith DPF shows the highest filtration efficiency, which is usually over 95 per cent. The wall-flow monolith ( Fig. 1) consists 2 DESCRIPTION OF MODEL of a ceramic honeycomb of square channels, typically 1-2 mm in square cross-section with each end of channel 2.1 DPF physical structure plugged alternately. Hence, the exhaust gas flow is forced to pass through the porous walls between the channels.
In the model, the physical DPF structure is transformed such that all the soot particulates are distributed evenly The pore size of the wall is such that it is able to filter some of the particulates in the wall. As time proceeds, on a ceramic/cordierite slab as shown in Fig. 2 . The structure consists of a layer of reactant (soot) and it soot particulates start to accumulate on the wall surface. The soot forms a layer on the wall surface that encourages is followed by an inert ceramic slab. The area (i.e. the surface where the soot accumulates) is equal to the total the trapping of subsequent particulates. This gives rise to the high filtration efficiency.
filtration area of the actual DPF, A fil . The thickness of the ceramic slab is equal to a single channel wall. If the soot is allowed to accumulate too much, both the engine power and the fuel economy deteriorate due to
The mean exhaust gas flow is assumed normal to the ceramic slab. excessive exhaust gas back pressures. To avoid this, the filter is cleaned or 'regenerated' by a variety of methods, including fuel burners, electrical heaters and catalysts [1, 2] . The regeneration process, in which the trapped 2.2 Regeneration mechanism particulate/soot burns, is poorly understood and its conIn this model, a one-step global heterogeneous reaction trols a particularly difficult technical challenge. During C(s)+O 2 (g) CO 2 (g) is considered as a forward oneregeneration, heat is liberated by the soot and, if way reaction. For oxidation of soot to occur, oxygen uncontrolled, can lead to thermal runaway and eventual must be transported to the surface of the soot layer. filter failure by melting. Conversely, if the combustion Here, a distinction is made between the input concenrate is too low, the regeneration process can extinguish tration of oxygen and that involved in the regeneration prematurely leading to incomplete filter regeneration.
process. The former is denoted as m G,O 2 and the latter A number of models have been developed to underm S,O 2 . Thus, the rate of transport of oxygen per unit stand the regeneration processes by each method [3] [4] [5] [6] [7] .
volume is given by The fundamental limitations of these models to date have been the lack of the knowledge with regard to soot
properties and the regeneration behaviour in the DPF.
where g is the mass transfer conductance and a is the Hence, this paper studies the influence of four important specific area of the soot. The rate of oxygen consumption and fundamental soot properties on the regeneration at the soot surface is expressed as may be rewritten as
where K is chemical reaction rate and r G is the bulk gas density.
During the steady state, the rate of oxygen transfer from bulk gas to soot surface equals the rate of oxygen 2.4 Energy balance consumption at the surface. Thus
Gas stream
Since the filter is well insulated, radiation effects in the Equations (1) and (2) are solved for the unknown gas stream can be neglected. Therefore, the loss of energy oxygen mass fraction at the surface; thus in the gas flow with time and in the flow direction is equal to the heat convected to the solid surface. This is
Equation (4) is substituted into equation (2), and the result is divided by r G ; thereby an expression for the
rate of oxygen consumption is obtained as where h is the convective heat transfer coefficient. Note
that a distinct gas temperature T G and solid temperature T S are assumed here, which is consistent with that of where b=ga/r G . Equation (5) explicitly shows the recent researchers [8] . Early models developed by predependence on both kinetic and diffusion reactions vious investigators [9] have assumed these two phases despite most of the existing models assuming only a to be at the same temperature. While this is a fair kinetic-controlled reaction rate.
approximation, it would restrict the general nature of the model equations if assumed here.
Mass balance

Particulate 2.4.2 Solid phase
The mass of particulate is depleted as it is oxidized and Radiative heat transfer effects can be neglected since the is represented by the expression channels are slender and each of the four surfaces of the inlet channel is assumed to exchange equal amounts
of radiative heat with each other. The convective heat transfer to the solid from the gas stream increases the internal energy of the solid, and hence its temperature, where b p is the bulk density of soot/particulate and r is setting up a thermal gradient due to conduction in the the stoichiometric ratio of the reaction. flow direction. If the temperature of the solid is high enough, the particulate will oxidize rapidly, liberating 2.3.2 Exhaust gas stream significant energy. This can be expressed as Since oxygen is transferred from the exhaust gas stream to the particulate surface and carbon dioxide is trans-
S qz2 ferred back to the gas stream, the gradients of these two constituents will exist in the direction of the flow and with respect to time. Reactions of other species can be (10) accommodated in the model since the mass transfer and gradient expressions are written in a general form. For where r S is the solid density, H is the enthalpy of reaction a general constituent g in the gas flow the gradients of for particulate oxidation and k S is the bulk thermal concentration in space and time are given by conductivity of the porous solid.
2.5 Equation of state where w is the medium porosity, Ġ ◊ G is the gas flowrate Since the change in gas pressure in the filter during the per unit area, and m G,g and m S,g are the concentration regeneration process is of the order of a few tens of torrs of gas constituent g in the bulk gas and at the solid [10] , the absolute gas pressure in the filter is assumed to surfaces respectively. For oxygen transport to the particulate surface and consumption there, equation (7) be constant. The equation of state can therefore be expressed as consistently have particulate bulk densities of 56 kg/m3 within a tolerance of about 5 per cent [20] . This was r G T G =constant (11) also in good agreement with previous results by some other investigators [14, 21] . Therefore, the nominal value 2.6 Solution algorithm of 56 kg/m3 was adopted for the purpose of the present work. The non-linear partial differential equations obtained Depending on the particulate diameter, its specific were solved using the algorithm by Lawson and Norbury area a p varies. For an individual particle of density r p [11] . The initial and boundary conditions were used the specific area is given by as first iterates to solve the energy equations using Newton's method. The resulting approximations were a p = 6b p d p r p (13) then used to solve for other unknowns by the GaussSeidel method. The algorithm is efficient and it takes only 2-3 s for a 600 time-step simulation on a Pentium and, assuming a particle density of 2000 kg/m−3 [22] 4, 1.8 GHz personal computer.
Application of model to monolithic wall-flow filters
In monolithic wall-flow filters the exhaust gas containUp to this point, the above equations have been kept ing oxygen flows through the fine particulate deposit and sufficiently general to model gas flow through a matrix the heat and mass transfer mechanisms are not well containing reactive particulate. These general equations understood. A comprehensive study of heat and mass are now applied to the specific geometry of the monotransfer rates between non-reacting spheres in a gas flow lithic wall-flow filter. It is possible to model other types of has been given by Field et al. [23] . Pauli et al.
[24] used filter, e.g. fibrous [7] and foams using the same foregoing the mass transfer equation derived by Thoenes and equations in a similar manner.
Kramers [17] for non-reacting spheres in their mathematical analysis of the regeneration of particulate 2.7.1 Model geometry filters. A mass transfer coefficient for a non-reactive The model geometry described earlier and shown in system was also used by Wiedemann et al.
[25] in the Fig. 2 considers that oxidation takes place in the porous same application. For the work described here heat and particulate deposit layer. The thickness of this layer is mass transfer coefficients applicable to reacting beds of given by particles were used. Olson et al. [26 ] expressed the heat transfer coefficient as
where m p is the total filtered mass of particulate, b p is the bulk density of the particulate and A fil is the total proand, assuming constant w p =0.5 and d p =0.17 mm, this jected filtration area of the monolith. The regeneration becomes equations are solved along the total length Z of the model geometry, which includes the wall thickness Z w .
It should be mentioned here that the high heat transfer 2.7.2 Physical characteristics of the particulate layer rates encountered in packed beds are not due to high The specific area of the solid is required for the heat heat transfer coefficients but to the large contact area and mass transfer rates. The particulate specific area (i.e. large specific area) between the gas and the porous depends on the size, density and shape of the particles. deposit layer. Olson et al. [26 ] also recommended an Although primary soot particles have diameters of the expression for the mass transfer conductance order of 10-30 nm, these particles coalesce into larger agglomerates that have diameters of about 0.1-1 mm.
The mean diameter based on a volume distribution was found to be 0.17 mm [12] and this value was chosen as Therefore, for constant w p and d p as before the characteristic particle diameter.
Since there has been significant uncertainty concerning (19) investigators quoted above. was employed. Table 1 gives the data used for the present study of the monolithic filter.
Physical characteristics of the ceramic wall 2.7.5 Engine data
The specific area used here is based on the assumption of cylindrical pores of uniform diameter d pore and is The diesel engine operating conditions used in the model given by are given in Table 2 .
is sometimes the practice to reduce the inlet gas temperature once rapid oxidation is under way, for the following results the temperature was maintained at a constant h w
d0.375 pore (21) high level so that direct comparisons for different oxygen concentrations and filter loadings could be made. where k G is the gas thermal conductivity and m G is the gas dynamic viscosity.
Millet et al. [5] gave these as
The original results from the model have been previously and published by Garner and Dent [7] . In the first 62 s, the solid temperature is value was used for the present model. cooler than the inlet gas temperature, which heats the The effects of oxygen concentration and soot accumuliberates sufficient heat, causing the solid temperature to lated in the DPF are presented in Figs 4 and 5. Here rise 75 K above the inlet gas temperature. At 143 s the it can be seen that, although the high mass loadings reaction begins to cease since the particulate has been lead to higher temperatures, the total regeneration time largely consumed and the filter matrix subsequently remains relatively constant. This is because the higher cools to the inlet gas temperature. Figure 3b shows how temperatures promote a faster oxidation rate but more the total particulate mass within the filter varies with particulate requires oxidizing. time during the regeneration process. The minimal fresh
Other data
The oxygen concentration has the most significant particulate being filtered during regeneration is neglected. effect on the overall regeneration time, and both high The temperature variations across the composite slab oxygen concentration and high initial particulate mass are shown in Fig. 3c . Clearly the hottest part of the loadings lead to high, and perhaps damaging, filter ceramic wall occurs adjacent to the particulate layer but temperatures. To avoid filter melting, it is advisable to the particulate layer itself reaches higher temperatures.
regenerate at low to mid-range particulate mass loadings. The way in which the particulate layer oxidizes during More importantly, a modelling study shows that the regeneration is shown in Fig. 3d . The interior of the particulate loading must be kept to below 25 per cent of particulate layer reaches the highest temperatures and hence oxidizes at a faster rate.
total mass loading available in the filter (e.g. 10 g here) to ensure that exothermic temperature excursions are The activation energy E a was varied between 47 and 62 kJ/mol (i.e. 14 per cent either side of the nominal kept below a safe limit with all the expected exhaust oxygen levels.
value of 54.5 kJ/mol ) and their corresponding maximum temperatures were predicted using the model. This was carried out using three different oxygen concentrations, i.e. 5, 10 and 15 per cent. Similarly, the frequency factor 4 SENSITIVITY ANALYSIS was varied between 0.2×105 to 6.0×105 s−1 with the nominal base line of 1.0×105 s−1. In the analysis, This section reports the use of the model to study the effects of fundamental soot properties on the filter the bulk density of soot was varied between 40 and 70 kg/m3. Although both the soot bulk porosity and the regeneration behaviour. Except for the activation energy E a , the literature survey conducted showed that there density are interrelated quantities, the analysis assumed that they are independent of each other to help to underhas been little research on the effect of soot properties on the regeneration behaviour of DPFs. Since it is stand the full variation in filter regeneration behaviour. The soot porosity parameter w p was varied between 0 believed that the soot properties play a significant role in this aspect, a study of the five soot properties is preand 1, which represent the states of perfect solid and fully oxidized respectively, in three different oxygen sented here. These properties include activation energy E a , frequency factor A, bulk density b p , soot porosity concentration environments. Recent diesel particulate number emission measurements have shown that 90 per w p and soot particle diameter d p . The first two parameters affect directly the rate of soot oxidation while the cent of particles fall within the nano-range, i.e. diameters less than 50 nm, despite being only 20 per cent on a mass remaining parameters determine the heat transfer rate and the relative amount of soot and oxygen that are availbasis [29] . The mean particulate diameter based on number weighting is about 20-30 nm, whereas that based able to take part in the regeneration process in the DPF. on mass weighting is 0.1-0.3 mm [29]. Owing to the 4.1 Sensitivity analysis: results and discussion uncertainty in the mean particulate diameter, its sensitivity analysis was, therefore, studied for a range of sizes As shown in Figs 6 and 7, it was observed that t Reg increases exponentially with increasing E a . The effect is between 20 nm and 0.5 mm. The results for regeneration time versus parameters are presented in Fig. 6 , and those more pronounced for lower oxygen concentrations. For example, it can be observed that, by doubling oxygen for maximum filter temperature are in Fig. 7 . These both indicate a relatively low sensitivity to particle diameter.
concentration entering the filter from 5 to 10 per cent, The results obtained in this study are different from those of Miyairi et al. [8] . In their study, a different range fitted with exponential expressions and are summarized in Table 3 ; these are useful for parametric studies. From of E a was used, which was 50-150 kJ/mol. It was found that there exists a critical value of activation energy, Table 3 , it is observed that the trend of the graphs could be represented by exponential terms with different beyond which the regeneration process deteriorates, i.e. the maximum filter temperature decreases and the values of pre-exponential coefficients. It was found that the maximum filter temperature T max increased more regeneration time increases beyond practical limits. This ments, they observed a peak temperature when the soot accumulated at the end of the inlet channel due to higher exhaust flowrate. Accordingly, this caused a higher bulk observation was not obtained in this study. However, density of soot than when it was evenly distributed over the general trend was observed with the parametric study the inlet channel. Hence, based on the assertions, this peak of frequency factor A (see later).
temperature can be attributed from the higher soot and From Fig. 6b , it can be seen that there exists an oxygen content availabilities for the regeneration process. exponential decay relationship between regeneration time Figure 6d shows the profiles of regeneration time and frequency factor. As the frequency factor A increases, versus bulk porosity. At 5, 10 and 15 per cent oxygen the values of regeneration time converge asymptotically.
concentrations, the durations taken to oxidize the soot It can also be seen from the graph that, for a given value completely are approximately 300, 140 and 85 s respectof activation energy, there exists a minimum value of ively. The changes can be considered as approximately frequency factor below which the regeneration time linear. The slopes are found to be 11.3, 23.1 and 16.3 s increases indefinitely. For example, for E a =54.5 kJ/mol respectively per unit porosity. and 5 per cent oxygen concentration, this minimum point Figure 7d shows the maximum filter temperature is approximately A=1.0×105 s−1. This phenomenon at various porosity values. At 5 per cent oxygen concan be explained as follows: at A=1.0×105 s−1, the centration, the temperature change is almost negligible. reaction rate is sufficiently high to oxidize all the soot At 10 per cent, it can be expected to have an average available but, since the loaded soot is kept constant, change of 2 K for every 0.1 change in porosity. At 15 per higher frequency factors can only decrease regeneration cent, it shows a non-linear relationship between filter time slightly. However, it is observed that the maximum temperature and bulk porosity. filter temperature changes linearly with A. With a higher
The soot oxidation rate increased as the mean partioxygen concentration in the filter, it is expected that the culate diameter increased from 20 nm to 0.5 mm (see Figs rate of change in T max with respect to A would be higher. 6e and 7e). The trend is understandable since the heat Curve fitting was employed to calculate the gradients transfer coefficient [equation (15)] of the soot layer is and y intercepts. The results are presented in Table 4 .
inversely proportional to the mean particulate diameter. The values of y intercept are in good agreement with the As the particulate diameter increases, the specific area exhaust gas temperature, which was 773 K.
of the particulate decreases and this in turn decreases As shown in Fig. 6c , it could be observed that an the heat transfer coefficient of the soot layer. As a result, approximately linear relationship between regeneration combustion heat that is generated is unable to dissipate time and soot bulk density was obtained. The regenerquickly, thereby increasing the maximum filter temperaation time increased with increasing bulk density and the ture and higher soot oxidation rate. The same reasoning effect was more significant as the oxygen concentration can be used to explain the trend of the model result with decreased. Conversely, the maximum filter temperature respect to soot bulk porosity. Note that the heat transfer decreased with increasing bulk density (Fig. 7c) . As the coefficient of the soot layer is also a function of exhaust oxygen concentration increased, the rate of change in flowrate. Thus, the sensitivities of the bulk porosity and T max became increasingly exponential. mean particulate diameter can be examined for different The above observations can be accounted for by the exhaust flowrates (or engine speeds). The effect of engine following explanation. The higher bulk density means speed on regeneration rate was shown elsewhere [7] . Under the present conditions, neither parameter shows a significant effect on the DPF regeneration rate. In order to rank the relative importance of the para- change of parameters as shown in Fig. 8 . From the The modelling parametric study shows that overall regeneration time is governed by the exhaust gas showed the highest sensitivity of the five parameters, whereas the responses of porosity and mean particulate oxygen concentration and not the particulate mass loading or exhaust gas flowrate. However, to ensure diameter were negligible. The sensitivities shown by the frequency factor and soot bulk density have approxithat the filter does not exceed safe temperature limits during regeneration, the filter should be regenerated mately the same order-of-magnitude effect on both regeneration temperature and time. However, the bulk at particulate mass loadings not exceeding 25 per cent of the filter's total capacity. density has a more linear behaviour over the range studied (Figs 8c and d) than the frequency factor.
3. The model presented can be modified for applying to other filter types such as fibrous mesh and foams. These results have significant value for filter regeneration model development. They show clearly the most 4. The importance of soot inherent properties on the regeneration behaviour of the DPF is highlighted. important parameters that require close attention in model development and in experimental investigations.
The particulate/soot activation energy E a has the greatest effect in this respect. It is followed by frequency factor A, the bulk density b p (both are of the same rank), the porosity w p and mean particulate diameter d p (both are of the same rank). These require 6 CONCLUSIONS close attention in model development and experimental studies. Several useful conclusions can be drawn from this study:
5. For every given value of activation energy E a , there is a range of frequency factors that have a linear 1. The regeneration characteristics of diesel filters have been theoretically analysed. The model predictions effect on the regeneration process. Below this range, the reaction rate is too slow for practical filter have been shown previously to compare well with experimental data.
regeneration. 
